Effects of partial hepatectomy on protein synthesis were defined in liver and extra-hepatic tissues of the mature rat. Studies were performed at 24 h and 48 h after surgery in the absence of the dietary input. Protein accretion in the regenerating liver preceded mitosis, but was accompanied by increases in RNA content and fractional rates of protein synthesis (ks). A positive relationship existed between protein-synthetic capacity and k5 over the period of study. Increases in ks also bore a positive relationship with increases in translational efficiency. Extra-hepatic tissues showing decreased rates of protein synthesis after liver resection included kidney, striated muscles and brain. Effects were observed mainly at 24 h after surgery and resulted from decreased translational efficiency. Partial hepatectomy increased kS in diaphragm and tibia at both 24 h and 48 h after surgery. In diaphragm, there was net protein accretion, and, as in liver, increases in ks were due to increases in both protein-synthetic capacity and efficiency.
INTRODUCTION
The regenerating liver after partial hepatectomy may be used as a model for investigating the mechanisms responsible for liver cell growth in normal, as opposed to cancerous, tissue. Restoration of the liver mass occurs as a consequence of both hypertrophy and hyperplasia. We have observed that stimulation of hepatic protein synthesis is a primary event relating to liver regrowth, even preceding the first mitosis (Preedy et al., 1989) . Remarkably, increase in rates of protein synthesis during liver regeneration can occur in the absence of nutritional support (see, e.g., Schofield et al., 1985) , implying that the biosynthetic pathway can be sustained by precursors of endogenous origin derived from body protein. The predominant sources of the amino acids used for liver re-growth have not yet been defined. Furthermore, it is not known whether mobilization of amino acids from extra-hepatic tissues results from changes in rates of protein synthesis or degradation.
In the present study, we have examined the time course of protein accretion in the regenerating liver after two-thirds partial hepatectomy in relation to changes in hepatic biosynthetic capacity and translational efficiency and in relation to protein turnover in extra-hepatic tissues. Studies were performed over the first two post-operative days, the period of most rapid liver re-growth, and in the absence of dietary input. A preliminary report of so ae aspects of this work has been published (Preedy et al., 1989) .
EXPERIMENTAL Animals and materials
Female albino Wistar rats (age about 8-9 weeks) were bred in the animal house of the London Hospital Medical College. They were maintained on a 12 h-light/ 12 h-dark cycle, with the light phase beginning at 08:00 h. Rats were allowed free access to a normal laboratory diet (22 % protein) before two-thirds partial hepatectomy (Schofield et al., 1985) or the sham-operation (laparotomy and liver manipulation; see Preedy et al., 1988) . Surgery was performed at 08: 30-09: 30 h. Food was not provided post-operatively, and the rats were housed in grid-bottomed cages before use. Water was provided ad libitum. Materials were obtained from the sources described previously (Preedy et al., 1984) .
Experimental groups
The effects of partial hepatectomy on protein synthesis and degradation in vivo were examined in conjunction with the effects of starvation and surgical stress without liver resection (the sham operation). Significant effects of both starvation and the sham operation alone were identified: these data have been reported and discussed separately (Preedy et al., 1988 
Measurement of rates of protein synthesis
Rates of protein synthesis were measured by the flooding-dose method using [4-3H]phenylalanine (Garlick et al., 1980) in conscious rats at 24 h or 48 h after surgery. The methodology employed is described in detail in Preedy et al. (1988) . Because of the short period of exposure to [4-3H] phenylalanine, the method measures exported as well as resident protein.
Other methods
Protein was measured by the method of Gornall et al. (1949) , RNA as described by Munro & Fleck (1969) and DNA as described by Burton (1956 Protein accretion in relation to DNA and RNA Protein accretion in the regenerating liver is independent of mitotic activity (Preedy et al., 1989) . The accumulation of protein in the regenerating liver is, however, accompanied by a net increment in hepatic RNA content (Table 1) . A 51 % increase in the RNA content of the regenerating liver was observed during the first 24 h after partial hepatectomy, with a further 320% increase over the next 24 h ( Table 1 ). The lack of co-ordination between changes in the DNA and RNA contents of the regenerating liver is emphasized by the increased RNA/DNA ratio at both 24 h and 48 h after liver resection (Table 1) . Since the increase in the total DNA content of the liver reflects mitosis and the bulk of hepatic RNA is ribosomal, it may be concluded that the ribosome contents of the cells of the regenerating liver are increased.
Mechanisms underlying increased hepatic protein accretion after partial hepatectomy Hepatic protein accretion after partial hepatectomy is associated with increased fractional rates of protein synthesis (ks) (Preedy et al., 1989) . There are two distinct mechanisms by which ks can be varied, either a change in the capacity for protein synthesis (Cs), which may involve alterations in rates of RNA synthesis and degradation (Brown et al., 1983) , or a change in the translational efficiency of protein synthesis (kRNA), which involves altered rates of peptide-chain initiation and/or peptide-chain elongation or termination (Garlick et al., 1983) . However, it is important to appreciate that care must be taken in interpreting alterations in kRNA, since it is theoretically possible that there may be preferential loss of mRNA over other forms of RNA.
The relationship between increases in ks and increases in the capacity for protein synthesis in the regenerating liver is shown in Fig. l(a) . Results obtained for sham-operated rats are also shown. By comparing these results with data obtained in fasted unmanipulated rats, it becomes clear that the normal positive relationship between protein-synthetic capacity and the proteinsynthetic rate is unperturbed by surgery or liver resection.
Increased rates of hepatic protein synthesis after liver resection are also facilitated by significant increases in the translational efficiency of protein synthesis (Preedy et al., 1989) . Again, a positive relationship is observed between the rate of protein synthesis and the efficiency of translation, and again the relationship appears to be unperturbed by surgery or liver regeneration (Fig. lb) .
Degradation versus synthesis
Decreased protein degradation has been demonstrated as a factor contributing to protein accumulation in the regenerating liver in the fed state (Scornik & Botbol, 1976) . As it is known that starvation normally increases the degradation of hepatic protein (Mortimore & Ward, 1976) , it was important to investigate the relative contributions of increased protein synthesis and decreased protein degradation in effecting net protein accretion in the regenerating liver in the fasted state.
In sham-operated rats, the absolute rate of protein synthesis (including both secreted and non-secreted proteins) over the first 24 h after surgery is 863 mg (mean value; see Table 1 , 1988) . The response to partial hepatectomy also exhibited of liver resection both to increase hepatic protein synthesis (via a considerable degree of tissue specificity, not only in terms of the increases in C. and k8) and to decrease hepatic protein degradation direction and magnitude of the observed changes, but also in the and export. mechanisms by which they were achieved. Absolute values for Tissues showing decreased rates of protein synthesis. In most of the tissues studied, fractional rates of protein synthesis decreased during the first post-operative day (Table 2) . Statistically significant decreases in ks were observed in skeletal muscles (soleus, plantaris and gastrocnerhius), stomach, kidney and brain. Neither cardiac nor uterine protein synthesis was affected by partial hepatectomy. The tissues showing the greatest decline in k. in response to partial hepatectomy (decreases of approx.
18 %) included the striated muscles containing relatively high percentages of Type II glycolytic fibres (the plantaris and gastrocnemius) (see Ariano et al., 1973 , for details of fibre composition) and the kidney, of which the medulla has an obligatory requirement for glucose. The fractional rate of protein synthesis in the brain, whose metabolism is also dependent on the use of glucose, was also decreased by partial hepatectomy (Table 2) . Except for the small intestine, where a significant effect of partial hepatectomy was observed only after 48 h (Table 2) , effects of liver resection to decrease ks were restricted to the first post-operative day ( Table 2 ). The predominant mechanism underlying the observed decreases in ks was decreased translational efficiency (Table 3) , as opposed to decreased protein-synthetic capacity (Table 4) : indeed, in certain tissues (notably small intestine, stomach, kidney and spleen), there was some indication that protein-synthetic capacity might even be increased after partial hepatectomy.
It is possible that diminished protein synthesis is related to the small yet significant decreases in glycaemia which are observed after liver resection in the fasted state (Schofield et al., 1985 ; see also Katz, 1979) . Partially hepatectomized rats exhibit only modest ketonaemia after starvation (Schofield et al., 1985) , and it is reasonable to suggest that ther may be an increased requirement for glucose as an energy substrate in the fasted state.
[Although the brain can adapt to utilize ketone bodies as alternative energy substrates to glucose after prolonged starvation, there is not a significant decrease in arterio-venous glucose concentration differences across the brain after starvation for 48 h (Hawkins et al., 1971 ) and glucose phosphorylation is only slightly decreased (Issad et al., 1987) .]
Tissues showing increased rates of protein synthesis. In two tissues (diaphragm and tibia), partial hepatectomy was associated with a significant increase in k. (Table 2 ). These effects were marked, even greater in magnitude than the responses observed in the regenerating liver itself (see Preedy et al., 1989) . In contrast with the relatively transient inhibition of protein synthesis in most extra-hepatic tissues, stimulatory effects of partial hepatectomy on protein synthesis in diaphragm and tibia were sustained over the period of study (48 h) ( Table 2 ). In the diaphragm, where, as in the liver, net protein accretion is observed (Table 5) , a salient feature of the response was a significant increase in the capacity for protein synthesis (Table 4 ; see also Fig. 2) , as well as in the translational efficiency (Table 3) . Protein accretion may therefore be partly attributable to changes in RNA turnover.
Increases in ks and Cs in the diaphragm are not necessarily specifically related to partial hepatectomy. We have reported previously that the sham operation (laparotomy and liver manipulation under ether anaesthesia) will, even in the absence of liver resection, induce significant increases in protein synthesis in this constantly contracting muscle (Preedy et al., 1988) . Although it is possible that the response to abdominal surgery may be a consequence of anaesthesia (with associated changes in respiratory rates, tidal volumes etc.), it is remarkable that the effects are observed as late as 48 h after surgery.
Increases in fractional rates of protein synthesis in tibia are not observed in response to laparotomy in the absence of liver resection (Preedy et al., 1988) . These effects are therefore significantly decreased compared with the sham-operated controls (Table 1) . Except for the plantaris at 48 h, decreases in k. were not generally accompanied by significant decreases in protein content (Table 5 ).
The total protein content of the plantaris, a representative white muscle, was decreased from an initial value of 40.9 + 0.8 mg in the fed state to 37.1 + 1.2 mg (P < 0.001) at 48 h after partial hepatectomy, but was not decreased by the sham operation (Table 5 ). This loss of muscle protein may be of physiological
